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ABSTRACT 
 
Protein and RNA molecules interact with multiple protein partners to perform 
essential cellular processes such as post-transcriptional regulation of mRNA. Recently, 
a single molecule pull-down (SiMPull) assay was developed to isolate and study single 
protein complexes directly from cell lysates. Unlike ensemble measurements, SiMPull is 
a powerful tool that allows detection of diverse proteins present in a single complex and 
quantitation of the number of interacting partners when the proteins are 
stoichiometrically labeled. Using a similar principle, the objective of this study is to 
extend the SiMPull assay to isolate and study single cellular RNA-protein complexes. 
Utilizing a biological system of virally infected mammalian cells, the substrate targeted 
in the study are viral RNA-protein complexes. Specifically, the highly replicative sendai 
virus sub-genomic defective interfering (DI) RNA is targeted. The viral DI RNA 
associates with multiple viral proteins during replication, and is therefore expected to 
form heterogeneous RNA-protein complexes. Using the RNA sequence information of 
DI RNA, we designed several short complementary DNA probes to capture single DI 
RNA molecules for detection with single molecule fluorescence microscopy. We 
demonstrate specific capture of viral DI RNA molecules using SiMPull, and could 
quantitatively measure the presence of interacting viral proteins. Therefore, this study 
provides evidence for the applicability of SiMPull to isolate and study single cellular 
RNA-protein interactions. 
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CHAPTER 1 
INTRODUCTION 
Dynamic interactions between RNAs and proteins are fundamental to many 
cellular processes, including post-transcriptional regulation of mRNA processing and 
turnover, and the assembly of macromolecular ribonucleoproteins (RNPs) such as in 
the spliceosome (1, 2). During the process of infection by RNA viruses, genomic RNAs 
interact with the viral RNA polymerase and a multitude of host accessory proteins to 
promote viral replication (3). Ensemble measurements of cellular RNA-protein 
complexes, such as RNA immunoprecipitation (RIP), allow identification of multiple 
protein partners, however cannot determine the stoichiometry and type of proteins 
present in a single complex. Recently, a single molecule pull-down assay, SiMPull, was 
developed to isolate and detect single protein complexes directly from cell lysates (4, 5). 
In SiMPull measurements, macromolecular protein complexes were pulled down from 
cell or tissue extracts and added to an imaging channel for measurement with single-
molecule fluorescence microscopy.  The study demonstrated application of SiMPull to 
measure different macromolecular protein processes including measuring the 
stoichiometry of the subunits of the tetrameric complex protein kinase A (PKA), and the 
membrane β2 adrenergic receptor complex. Therefore, key advantages of SiMPull 
include quantitation on sub-populations of different protein association states, and 
information on the number of protein interactions when the complexes are 
stoichiometrically labeled.  
Using a similar principle, the objective of this study is to extend the SiMPull assay 
to isolate single RNA-protein complexes from cell lysates. In an initial effort, we have 
tested viral RNA-protein complexes as the model substrate and Sendai virus (SeV) as 
the model virus. Sendai virus is a negative sense RNA virus, and contains a full-length 
15 Knt genome, and a shorter 0.6 Knt sub-genomic segment called defective interfering 
(DI) RNA. Repeated high multiplicity passage of SeV stocks in cells produce high 
replication of DI RNA relative to the amount of full-length RNA genomes (6). When we 
tested a high multiplicity SeV stock to infect mammalian HeLA cells, a high number of 
DI RNA was detected after infection (Fig. S1). Like the full-length genome, the viral DI 
RNA also associates with the viral RNA polymerase and nucleocapsid proteins during 
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the process of replication (7, 8). Due to DI RNA’s association with multiple viral proteins 
and high replication in infected mammalian cells, it is the substrate targeted for the initial 
application of SiMPull to pull-down cellular RNA-protein complexes.  
Experimental Strategy 
SeV DI RNA is 546 nt in length, has a 92 base pair dsRNA tail, and a loop region 
with short secondary structures (9) In an effort to selectively capture viral RNA (vRNA) 
complexes from cell lysates, we designed a pull-down strategy using several short DNA 
probes complementary to the sequence in the loop region. We designed two sets of 
probes, the first set is the capture DNA probes that are conjugated with biotin and used 
to immobilize the vRNA. The second set of probes is the reporter DNA probes that are 
conjugated with a Cy3 fluorophore and used for detection (Fig. 1). To pull-down cellular 
vRNA, mammalian cell cultures were infected with virus and allowed to multiply for a 
certain time period. After infection, cell cultures were lysed, and the capture and 
reporter DNA probes were hybridized vRNA in the cell lysate.  Next, we assembled 
imaging chambers using a microscope slide and coverslip passivated with biotin PEG 
(polyethylene glycol) to reduce non-specific reactivity of the imaging surface. The 
chamber was initially infused with neutravidin, which binds with high affinity to biotin, 
and the cell lysates were added to the imaging chambers. The capture DNA probes are 
tethered to the neutravidin imaging surface, and the unbound molecules from the lysate 
are washed away. DI RNA molecules hybridized to both the capture and reporter 
probes are detected with single molecule total internal reflection (TIR) fluorescence 
microscopy (5, 10). 
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CHAPTER 2 
RESULT 1: VIRAL DI RNA PULL-DOWN 
2.1 Viral RNA pull-down optimization and specificity 
Initially the capture and reporter probes concentration were titrated to optimize 
the pull-down conditions. Since SeV genomic RNA are associated with multiple viral 
proteins,  an in vitro transcribed (IVT)  DI RNA substrate was utilized to determine the 
hybridization efficiency of the reporter probes (7,8) (Fig. S2).  The capture probe 
concentration was optimized using cell lysate samples from SeV infected HeLA cells 
(Fig. S3). We first tested the specificity of the pull-down assay, and level of any 
background interaction of the DNA probes.  Due to the presence of numerous nucleic 
acid biomolecules in the cell lysate, we designed several controls to measure non-
specific hybridization of the DNA probes.  After 24 hours of infection, the capture and 
reporter probes were hybridized to viral DI RNA in the cell lysate. To determine non-
specific probe hybridization we prepared lysate samples without infection, and with an 
alternate set of non-complementary (RIG-I) reporter probes (Fig. 2.1). By omitting the 
capture probes from the pull-down reaction, we also measured adherence of molecules 
to the imaging surface. DI RNA pull-down was detected with fluorescence imaging of 
the Cy3 fluorophore labeled reporter probes using single molecule TIR fluorescence 
microscopy. Several molecules in a 50 x 50 um2 imaging area were excited with a 
532nm laser and the fluorescence intensity was recorded for a short time period. Pull-
down efficiency was quantified by measuring the number of fluorescent spots per 
imaging area, Nf, for each sample. The control samples displayed fewer than 10 
fluorescent spots per imaging area, indicating minimum non-specific hybridization of the 
DNA probes to other cellular RNA (Fig. 2.2).  The number of fluorescent spots per 
imaging area, Nf, due to specifically pulled-down DI RNA was 20 fold over the 
background indicating high specific hybridization of the probes. The dilution factor of the 
lysate was adjusted to achieve detection of sufficient molecules without saturation of the 
imaging surface.   
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2.2 Hybridization efficiency of reporter probes 
Using single molecule fluorescence measurements, we quantified the number of 
reporter DNA probes hybridized to both the IVT DI RNA alone, and pulled down viral 
RNA complexes.  The reporter probes include 11, 20 nt DNA oligos conjugated each to 
a single Cy3 fluorophore. The number of probes hybridized in a single diffraction limited 
fluorescent spot was determined by the number of distinct photo bleaching events of 
each Cy3 fluorophore labeled reporter probe hybridized to an RNA molecule.  With the 
IVT DI RNA substrate, the hybridization efficiency of the probes did not vary significantly 
with increasing concentration. The majority of IVT RNA had 2 to 3 reporter probes 
hybridized to an RNA molecule (Fig. S2.3). The measured hybridization efficiency could 
occur due to the extensive secondary structure of the viral DI RNA.   When the viral 
RNA protein complexes were measured and analyzed, the hybridization efficiency of the 
reporter probes was the same as the IVT RNA, with 80% of the molecules bound to 2 to 
3 reporter probes (Fig. 2.4). Therefore the hybridization efficiency did not vary with the 
presence of viral proteins on the RNA and was determined by the properties of the DI 
RNA molecule.  
2.3 Stability of pulled down DI RNA 
We measured the stability of the pulled down viral RNA complexes after immobilization 
on the imaging surface. In initial experiments we detected RNA degradation due to 
RNAase activity, and learned it was necessary to add the RNAase inhibitor VRC or the 
chelating agent EDTA to avoid RNA degradation. The pulled down viral RNA complexes 
incubated in buffers containing VRC or EDTA were very stable, and did not display 
dissociation of the probes over an hour and a half of incubation time (Fig. S4).  
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CHAPTER 3 
RESULT 2: DETECTION OF VIRAL RNA-PROTEIN COMPLEXES 
 
3.1 Experimental strategy 
After demonstrating specific pull-down of single viral RNA from cell lysates, the next 
objective was to detect the presence of viral proteins in complex with the RNA. To 
detect viral RNA-protein complexes, we utilized the immunofluorescence (IF) labeling 
method using a primary antibody targeting SeV proteins and a secondary antibody 
conjugated with the red Alexa 647 fluorophores (Fig. 3.1). After pull-down of viral RNA, 
viral protein complexes were detected using red laser excitation. We could detect the 
appearance of several red fluorescent spots in the microscopy imaging surface 
indicating binding of the antibody (Fig. 3.2). 
 
3.2 Specific pull-down of RNA-protein complexes 
Antibody based specific labeling of viral protein complexes was tested using several 
controls for non-specific interaction. Since viral protein expression increases after 
infection, the capture probes were omitted to measure non-specific adherence of the 
viral proteins and antibodies to the imaging chamber. Non-specific binding of the 
secondary antibody to the cell lysate was measured by omitting the primary antibody 
after pull-down. Viral RNA molecules were detected, however binding of the secondary 
antibody without the primary antibody was not measured (Fig. 3.3). Finally, the viral 
RNA molecules were labeled with both the primary and secondary antibody. The 
number of fluorescent spots, Nf, due to specifically labeled viral proteins was 20 fold 
over the background. Minimum non-specific interaction of the A647 antibodies was 
detected in the control samples. Therefore, we measured successful capture of viral 
RNA-protein complexes through interaction of the capture DNA probes.  
 
 
 
 
 
6 
 
CHAPTER 4 
RESULT 3: VIRAL RNA-PROTEIN CO-LOCALIZATION 
 
4.1 Fraction of pulled down viral RNA in complex with proteins 
After demonstrating specific capture of single viral RNA-protein complexes, the next 
objective was to quantitate the fraction of pulled down viral RNA that was in complex 
with viral proteins. After immobilization and immunofluorescence labeling, single viral 
RNA-protein complexes were detected using an alternating laser excitation scheme 
(ALEX) (Fig. 4.1). Pulled down viral RNA molecules were first excited for a short time 
interval with the 530 nm green laser, followed by subsequent excitation of the viral 
proteins with the 633nm red laser. Movies recording the intensity values of the 
complexes were recorded. Single viral RNA-protein complexes displayed emission 
profiles from both the red and green fluorophores. Using the molecule intensity traces, 
sub-populations of complexes, viral RNA only and viral protein only could be measured 
and counted. After 24 hours of infection, 45% of total viral RNA molecules measured 
were in complex with viral proteins. (Fig. 4.2) 
 
By quantitating the population of labeled viral protein only molecules, we could estimate 
the fraction of complexes that had hybridized reporter probes. Since the presence of  
only the capture DNA probes are required for immobilization of viral RNA, complexes 
without the reporter DNA probes are also captured in the imaging chamber. The 
majority, 80%, of viral proteins measured also had green emission signal indicating 
most of the pulled down RNA molecules had reporter probes hybridized. The remaining 
20% of the molecules could also contain non-specific interaction of the antibodies to the 
imaging surface, or photobleaching of the reporter probes prior to recording the intensity 
values. 
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CHAPTER 5 
RESULT 4: NUMBER OF ANTIBODY- VIRAL PROTEIN INTERACTIONS 
 
After labeling the viral proteins with fluorescent antibodies, we detected a range of 
emission intensity values from the pulled down viral proteins (Fig 4.1). This could occur 
due to the presence of multiple viral proteins bound to a viral RNA molecule, or from 
variable binding of secondary antibodies to the complexes. Therefore we addressed the 
question of the number of primary antibodies bound to a single viral RNA complex. The 
primary viral protein antibodies were directly labeled with the red Cy5 fluorophores to 
determine the stoichiometry of antibody interactions. The number of antibody 
interactions could be determined by comparing the photobleaching events and average 
intensity profiles of the Cy5 antibodies alone and the antibody- viral RNA complexes.  
To measure antibodies alone, single Cy5 primary antibodies were immobilized in the 
imaging chamber and excited with the red laser. The imaging slide was coated with 
APTES (aminopropyl- triethoxysilane) to allow immobilization of the antibodies by 
interaction with the positively charged primary amine groups (11). Alternately, pulled 
down RNA-protein complexes were labeled with the Cy5 primary antibody. The 
concentration of primary antibody was optimized to reduce any non-specific interaction 
with the imaging surface (Fig. S5).  After labeling, the viral proteins were excited with 
the red laser, and single molecule movies measuring the intensity values and 
photobleaching events of the Cy5 fluorophores were recorded. Using the same power 
and data acquisition settings, we repeated the same measurements with the 
immobilized single Cy5 antibodies alone. We quantified the initial intensity values to 
compare the intensity profile from antibody alone and labeled complexes (Fig. 5.1). 
Based on the histogram, the intensity profile of the antibodies was a narrow peak 
indicating a similar number of fluorophore to antibody labeling ratio. The viral RNA 
protein complexes however displayed a broad range of intensities indicating multiple 
and varying antibody interactions to single viral RNA molecules.  We next analyzed the 
number of Cy5 photobleaching events to determine quantitatively the number of 
antibody interactions. The majority of antibody molecules displayed 2-3 step 
photobleaching events, which was consistent with the spectroscopic absorbance 
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measurement of the Cy5 antibodies. However the DI RNA-protein complexes had a 
range of photobleaching events, with many molecules displaying up to 12 
photobleaching events indicating multiple antibody interactions, and some with 2 
photobleaching events indicating single binding. The primary antibody is a polyclonal 
antibody, therefore there is a possibility of multiple antibody interactions with a single 
protein. However, due to the size of single antibodies (150 kDa), and the size of the viral 
proteins: nucleocapsid (58 kDa), polymerase (251 kDa), and phosphoprotein (65 kDa), 
we hypothesize that due to steric hindrance the effect is more likely due to multiple 
antibody interactions to different viral proteins. 
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CHAPTER 6 
DISCUSSION 
 
By using the RNA sequence information of viral DI RNA, this study has 
demonstrated specific capture of single RNA protein complexes using short 
complementary DNA probes. Therefore, we are able to extend the SiMPull method and 
capture RNA-protein complexes from cell lysates. When measured with single molecule 
fluorescence microscopy we detected over 20 fold increase in the number of viral RNA 
molecules pulled down compared to controls samples. Similarly, by applying labeled 
antibodies, we could detect over 20 fold increase in the number of specifically labeled 
viral protein complexes. When characterizing the number of primary antibody 
interactions, a limitation was the use of the only available polyclonal antibody. However, 
using single molecule fluorescence measurements we could quantitatively measure the 
number of antibody interactions characterized by the number of photobleaching events 
of the fluorophores. To more quantitatively detect proteins GFP or YFP tagged proteins 
could be utilized. Alternately, monoclonal antibodies targeting a single protein can also 
be utilized.  
 
 
 
 
 
 
 
 
 
 
 
 
1. Complementary probes
Capture: Biotin DNA
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Figure 1. SiMPull of cellular viral RNA-protein complexes
1) Complementary DNA probes include capture and reporter probe sets. 
2) SiMpull steps to capture viral DI RNA complexes from cell lysates.
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Figure 2. Single molecule viral RNA pull-down
TIRF images for viral RNA pull-down from 24 hours
SeV infected or uninfected HeLA cells. After
infection, viral RNA molecules are pulled down
with the capture and reporter DNA probes. Minus
sign indicates no probe, or infection. 2) Average
number of ﬂuorescent spots per imaging area in
each sample. Error bars denote standard
deviation. 3) Single molecule intensity traces of
Cy3 probes labeled DI RNA. 4) Photobleaching
step distribution.
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Pull-down.
1) Schematic 2)TIRF images for viral RNA
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(IMF). 3) Average number of ﬂuorescent spots per
imaging area in each sample. Error bars denote
standard deviation. (n>10).
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Figure 4. Colocalization of  viral RNA –protein complexes .
  1. Viral RNA-protein complexes are detected with alternating excitation
using red and green lasers (ALEX). Using this scheme, subpopulations of
viral RNA only, viral protein only, and complexes could be measured.
2. Colocalization between viral RNA and proteins calculated as a fraction
of total RNA and protein molecules.
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Figure 5. Number of Antibody interactions with viral proteins
Pulled viral RNA-protein complexes were labeled with a Cy5 primary 
antibody targeting viral proteins. Single Cy5 antibodies alone were 
measured on an aminosilane coated imaging surface.
1. Initial intensity histogram distribution of Cy5 antibodies alone and 
antibody labeled viral protein complexes
2. Photobleaching step distribution of Cy5 antibodies alone and 
antibody labeled viral protein complexes
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1 24H SeV, DI RNA FISH
Figure Supplementary 1.
HeLA cells were infected with SeV for 24 hours. After infection, viral DI 
RNA were labeled using the method Fluorescence in situ Hybridization 
(FISH).
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CHAPTER 8: SUPPLEMENTARY FIGURES
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Figure Supplementary 2. Hybridization efficiency of the reporter DNA probes. 
The Cy3 DNA probes were titrated from 10 to 80 molar excess the
concentration of the IVT RNA, and annealed at 37C for 2 hours. After
hybridization, the IVT RNA were immobilized in an imaging chamber
and detected with TIRF microscopy. The hybridization efficiency was
determined by  measuring the number of photobleaching events in a
fluorescent spot. 
a) TIRF microscopy image of immobilized IVT DI RNA. b) A single
molecule intensity trace of Cy3 reporter probes photobleaching
events. c) Photobleaching event distribution of the hybridized reporter
probes.
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Figure S3. Titration of capture biotin DNA probes.
Varying concentration of the capture biotin probes were added to cell
lysates prepared from 24 hour infected or uninfected HeLA cells. After
hybridization, the vRNA were immobilized in an imaging chamber 
and detected with TIRF microscopy. The number of molecules pulled
down was determined from the fluorescent spot count in an imaging
area, Nf.
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Figure S4. Stability of viral RNA complexes.
Pulled down viral RNA complexes were incubated in the hybridization 
buffer 2xSSC or the immunofluorescence buffer 1xPBS and measured 
at different time intervals. Rnase inhibitor VRC or EDTA were added.
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CHAPTER 9 
EXPERIMENTAL METHODS 
Capture and reporter DNA probes 
The DNA probes are short 20 nucleotide (nt) oligos complementary in sequence to the 
362 nt loop region of the viral DI RNA. The capture probes include 4, 5’ biotin 
conjugated oligos ordered from Integrated DNA technologies (IDT). The reporter probes 
include 11, 3’ Cy3 fluorophore conjugated oligos labeled through NHS-ester conjugation 
chemistry.  3’Amine modified DNA oligos were ordered from biosearch technologies and 
labeled with NHS-ester modified Cy3 fluorophores (12). After completing the labeling 
reaction, uncouples fluorophores were removed from the solution by performing ethanol 
precipitation of the labeled DNA oligos.  
Cells and viruses 
HeLA cells were cultured in DMEM, 10% fetal bovine serum (FBS) and 1% pen-strep 
(PS) growth medium. A high multiplicity passaged SeV stock was provided from the lab 
of Professor Adolfo Garcia-Sastre.  
Antibodies 
A polyclonal SeV viral protein antibody propagated in chicken was purchased from 
Charles river laboratory (CRL). A secondary donkey anti-chicken antibody was 
purchased from rockland immunochemicals and labeled with NHS-ester modified Cy5 
fluorophores. NHS-ester modified fluorophores were purchased from invitrogen. 0.5M of 
antibody was incubated with the NHS-ester fluorophores in a 1 to 20 molar ratio, with 
0.1M sodium bicarbonate and 1X phosphate buffered saline (PBS). The solution was 
incubated for 30 minutes in the dark, followed by purification of the labeled antibodies 
using size exclusion micro bio-spin p-6 columns from Bio-Rad. The labeling efficiency 
was calculated from spectroscopic absorbance measurement using the UV-visible 
region setting in the NanoDrop spectrophotometer. The primary SeV protein antibody 
was labeled using the same protocol. 
Viral DI RNA complex pull-down 
HeLA cells were cultured in 100mm culture dishes to confluency, and infected with SeV 
at 1 to 50 dilution of the growth medium. After 24 hours of infection, the cells were 
washed in 1X PBS buffer, and detached by adding 0.25% trypsin (invitrogen). After 
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detachment, the cells were pelleted by centrifuging at 400g for 10 minutes, and washed 
in 1X cold PBS buffer. Cell lysis buffer was prepared by adding 0.1U/ml of RNase 
inhibitor (promega), 2mM dithiothreitol (DTT), and 2mM vanadyl ribonucleoside complex 
(VRC) from sigma, and 1 to 50 dilution of protease inhibitor cocktail III for mammalian 
cells (RPI) to aliquoted stock buffers. Stock buffers were premade and contained 10mM 
TRIS, 2.5mM MgCl2, 200mM NaCl and 0.5% NP-40 dissolved in rnase free water. 
500ul of the lysis buffer with RNase and protease inhibitor enzymes were added to 
approximately 1 million pelleted cells in a microcentrifuge tube. Lysates were either 
rotated at 4C for 1 hour, or sonicated for short 2 second pulses 5 times at 6 watts 
power. After lysation of the cells, the cytosolic fraction was collected by centrifugation at 
20,000g for 10 minutes. The supernatant comprising the cytosolic fraction was 
transferred to a new tube.  
Hybridization of DNA probes 
After extracting the cytosolic lysates of cells, the DNA capture and reporter probes were 
added together with the components of the hybridization buffer. For hybridization, the 
following components were added to the lysate to achieve the desired concentration: 
2xSSC, 2mM VRC, 0.2mg/ml BSA, and 1mg/ml E.coli tRNA. The final concentration of 
the 4 biotin probes were 100nM, and the 11 Cy3 probes were 55nM total. The 
approximate concentration of the viral DI RNA in the lysate was 50pM, giving a 1 to 100 
molar ratio of the reporter probes, and 1 to 500 molar ratio of the capture probes. After 
addition of the probes, the lysate was rotated at 37 C for 2 hours. After hybridization, the 
samples could be measured with TIRF microscopy, or aliquoted and stored at -20C for 
atleast 2 weeks.  
Surface passivation and construction of imaging chambers 
Flow chambers were prepared on mPEG passivated quartz slides coated with biotin 
PEG (10). Imaging chambers were constructed by assembling a coverslip and quartz 
slide using double-sided tape and epoxy. The quality of the imaging slides were first 
tested by flowing in T50 buffer and imaging with the TIRF microscope. Non-specific 
fluorescent molecules present on the surface were excited with the green laser.  
Single-molecule Microscopy 
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A prism type TIRF microscope was used to acquire single-molecule data. After 
construction of the imaging chambers, the lysate samples were added to the chambers 
and RNA complexes hybridized to the capture probes were hybridized via the biotin-
neutravidin interaction. The lysate was serially diluted to obtain sufficient spots in the 
imaging chamber, without saturation of the surface. Dilutions were made in 2xSSC 
buffer with 2mM VRC RNase inhibitor. Unbound sample was removed from the 
chamber by washing with buffer. After immobilization, RNA complexes were detected by 
excitation with the green 532 nm laser, and we acquired 15 or more short movies to 
collect the emission intensity data.  Specific viral DI RNA pull-down was confirmed with 
non-specific controls as described in the results. After confirmation of DI RNA pull-
down, bound viral proteins were labeled using immunofluorescence labeling. First non-
specific interaction of the secondary antibody was tested using samples without the 
biotin DNA probes. Next, the viral RNA complexes were incubated with (2-5nM) of 
primary viral protein antibody for 10 minutes, followed by the fluorophore conjugated 
secondary antibody (2-5nM) for an additional 10 minutes. Non-specific antibody 
interaction was also tested with uninfected samples. The antibody labeled complexes 
was excited with the red 633nm laser. To determine the molecule count of pulled down 
viral proteins, we acquired 15 or more short movies to collect the emission intensity 
data. Co-localization measurements of RNA-protein complexes were measured using 
alternating laser excitation (ALEX) of the red and green laser. For ALEX measurements, 
a red notch filter was used to remove the red laser wavelength from detection.  
Molecule spot counting and photobleaching analysis 
The number of viral RNA and protein molecules pulled down was quantified by analysis 
of the number of fluorescent spots per imaging area. Fluorescence signal from the 
recorded short movies were extracted using scripts written in interactive data language 
(IDL) and analyzed by spot counting algorithm in Matlab. 
For quantification of the photobleaching events of the viral RNA associated reporter 
DNA probes, and the fluorophore labeled antibody we recorded longer movies with an 
average length of 5 minutes at 100ms time intervals. Fluorescence signal from the 
recorded short movies were extracted using scripts written in IDL, and analyzed using a 
manual step counting algorithm in Matlab.  
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